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ABSTRACT 
Curved steel plates are commonly used in aerospace and naval engineering, using very thin plates in 
order to create lightweight structures. In recent years, the use of this kind of plates is extended towards 
bridge design, with several examples in Belgium. Since bridges have to carry larger loads, the 
thicknesses of these plates increase up to several centimetres. The decreased plate slenderness 
influences the buckling behaviour of the plates, leading to elastoplastic buckling. Multiple finite 
element models are created to investigate the buckling response of these plates. A single plate with 
simply supported and clamped supported edges are subjected to pure shear. The parameters used are 
the plate thickness and the curvature ratio in order to have a large spectrum of stability influence. 
Results show that for the perfect plates the buckling behaviour changes with increasing curvature. 
With the use of the American Specifications AISI and their specifications for flat plate thicknesses, 
new rules are determined to predict the buckling behaviour for all kinds of curved panels. 
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1 INTRODUCTION 
Curved steel plates are commonly used in aerospace and naval engineering, using very thin plates in 
order to create lightweight structures. In recent years, the use of this type of plates is extended towards 
bridge design, with several examples in Belgium. Since bridges have to carry larger loads, the 
thicknesses of these plates increase up to several centimetres. The decreased plate slenderness 
influences the buckling behaviour of the plates, leading to (elastic-) plastic buckling.  
For flat plates, standards provide slenderness boundaries in order to determine the cause of the plate 
failure. For slender plates, geometric buckling is the main cause, while for stocky plates, material 
yielding occurs. However, both phenomena can, leading to complex behaviour. Previous research (1-
6) for unstiffened slender and stocky flat plates in pure shear are describing the failure behaviour, 
while for curved panels, less research is available especially if the slenderness ratio decreases.  
 
Two American codes provide boundaries for flat plates in pure shear. These boundaries determine 
the plate slenderness type by the slenderness ratio b/t, which is the circumferential length divided by 
the thickness of the plate. The ratio depends on the material properties E (Young’s modulus) and 𝐹𝑦 
(yield strength) and on the critical-shear-buckling coefficient 𝑘𝑠. Equation (1)-(3) are the boundaries 
for the AISI code (7) and equation (4)-(6) gives them for the AASHTO code (8). Both standards 
suggest different boundaries, which results in a smaller transition zone for moderate plates for the 
AASHTO code. However, these formulas are suggested for flat plates in pure shear, for which the 
critical-shear-buckling coefficient can be easily determined. Batdorf et al. (9) introduced the 
curvature parameter Z for which he found a relationship with the critical-shear-stress coefficient. This 
relationship is expressed by the so-called NACA lines.  
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AISI CODE (7):  
Thick plate 𝑏/𝑡 ≤ √𝐸𝑘𝑠/𝐹𝑦 (1) 
Moderate plate √𝐸𝑘𝑠/𝐹𝑦 < 𝑏/𝑡 ≤ 1.51√𝐸𝑘𝑠/𝐹𝑦 (2) 
Thin plate 𝑏/𝑡 > 1.51√𝐸𝑘𝑠/𝐹𝑦 (3) 
AASHTO CODE (8): 
Thick plate 𝑏/𝑡 ≤ 1.12√𝐸𝑘𝑠/𝐹𝑦 (4) 
Moderate plate 1.12√𝐸𝑘𝑠/𝐹𝑦 < 𝑏/𝑡 ≤ 1.40√𝐸𝑘𝑠/𝐹𝑦 (5) 
Thin plate 𝑏/𝑡 > 1.40√𝐸𝑘𝑠/𝐹𝑦 (6) 
2 FEM MODEL 
The curvature of a single plate is varied, thus obtaining seven different curvature ratio’s r/h. The 
curvature radii equal 1500, 5, 3, 1.667, 1, 0.7 and 0.55 times the plate height. 1500 times the panel 
height corresponds to an almost flat panel. These radii are based on previous research (10) of curved 
webs in a closed steel sections. The plates are rectangular, resulting in aspect ratios of 1. Since a shear 
panel in a beam girder has the function of creating a distance between the upper and lower flange, in 
order to increase the moment of inertia, the height in z-direction h is kept constant at 1 m. To keep 
the constant aspect ratio of 1, the width of the panel is set equal to the circumferential length b of the 
panel. A second parameter important for the slenderness classification is the panel thickness. Four 
different values are considered, being 3, 5, 7 and 10 mm.  
 
Both simply supported and clamped supported edges are considered as boundary conditions. Table 1 
gives an overview of the restrictions for each edge and corner. The used names in the table are 
corresponding to Fig. 1. The simply supported edges have of course all rotational restrictions set free. 
The loaded edges are free to wave, where the shear forces follow the circumferential direction of the 
edge.  
Table 1. Boundary Conditions 
 X Y Z Rx Ry Rz 
Edge 1 1 0 0 0 0 1 
Edge 2 1 1 0 0 1 0 
Edge 3 1 0 0 0 0 1 
Edge 4 1 1 0 0 1 0 
Corner 1 0 0 0 0 0 0 
Corner 2 0 0 1 0 0 0 
Corner 3 0 0 0 0 0 0 
Corner 4 0 0 0 0 0 0 
(1 = restrained; 0 = free)    
 
The steel grade S235 with an E-modulus equal to 210 GPa is used. The stress-strain relationship of 
the steel is based on the ECCS standards (11). In order to simulate the behaviour of shear panels, a 
geometric and material nonlinear analysis with imperfections (GMNIA) is performed. The model is 
created in the numerical software package Siemens NX and the analyses is solved with the Nastran 
solver. In order to trigger buckling of the panels, a small imperfection in the shape of the first mode 
shape is introduced. A Linear Bifurcation Analyses (LBA) finds the mode shape. The mesh element 
CQUAD4, with an element size of 33.33mm², is used.  
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Fig. 1. Model setup 
3 RESULTS 
3.1 Model verification 
A linear bifurcation analyses is used to find the first buckling shape of plates in pure shear. The latter 
also governs critical loads, for which elastic buckling would happen. With these values is it possible 
to find the critical-shear-buckling coefficient of the plate. This value can be compared with the 
theoretical solution found by the NACA lines. Table 2 gives the difference in percentage between the 
theoretical solution and the numerical results. Six models with varying curvature and panel thickness 
are considered, with simply supported edge conditions. It is visible that for all models the difference 
between the theory and the numerical analyses is limited. With a maximum dissimilarity of 1.13% 
can be stated that the models are in good reliance with the theoretical solution.  
Table 2. Boundary Conditions 
Model characteristics 
% Difference Elastic Buckling 
Load (Theory vs LBA) 
r 
(mm) 
t (mm) 
Z 
(-) 
𝑽𝒄𝒓 Theory 
(kN) 
Simply support 
1500000 5 0 221.59 0,13 
3000 5 64 560.63 -0,45 
1000 10 104 6180.47 0,72 
700 10 169 7857.22 0,94 
1000 5 209 1160.42 -1,13 
700 5 338 1597.52 -0,12 
 
3.2 Failure mechanism 
It is commonly known that curved plates or shells show unstable postbuckling behaviour (12). This 
results in serious reduction of the load carrying capacity after the bifurcation load is reached. This 
unstable behaviour is due to the lack of ability to build up membrane stresses. Due to the out-of-plane 
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curvature, and the formation of the buckling waves, the curved edges have in plane deformations, 
thus making the plate unstable. However, the path of the force-displacement diagram is similar as for 
flat plates and is different for slender, moderate or stocky plates. Figure 8 illustrates the typical paths 
for the three different slenderness groups. In this graph, the shear forces are normalized by dividing 
the obtained numerical result by the yield shear force for a perfect plate. The out-of-plane 
displacement (v) of the most deformed node at the ultimate load is normalized by dividing it by the 
panel thickness and is drawn on the x-axis. Curved Plates have following buckling behaviour: 
• Elastic buckling: Elastic buckling of a plate in pure shear typically occurs for slender plates. 
After the prebuckling phase, the plate reaches its first bifurcation point and starts to buckle. An 
immediate load reduction occurs due to the in plane deformation of the plate edges and thus the lack 
of ability to create membrane stresses in the plate. At a certain point, the plate reaches a new stability 
and develops membrane stresses and thus additional shear force. The increase of force happens until 
the plate develops diagonal yield tension lines and then starts to soften.  
• Plastic buckling: Plastic buckling or plastic yielding of the plate occurs for stocky plates. The 
plate does not deform until it is fully yielded. After yielding, the softening phase starts, where a small 
load increase is found in the numerical analyses. After this, a sudden load reduction is found, which 
is typically for curved unstiffened plates. Next to that, the normalized deformation of the plate is very 
limited once the failure state of the plate is reached.  
• Inelastic buckling: In between elastic and plastic buckling, there is a zone where both 
geometric buckling and plastic yielding occurs at the same moment. This is called inelastic buckling 
and occurs for moderate plates. During the prebuckling elastic phase, the stress develops uniformly 
in the plate. Once this stress comes close to the yield stress, the plate starts to deform. When the 
ultimate load of the plate is reached, the plate has buckled, and has a part yielded. In a next phase, the 
plate has a load reduction due to the lack of membrane stresses and then reaches the softening phase, 
where diagonal yield lines start to grown. While stocky plates have minor deflections, the inelastic 
buckling allows large normalized displacements before failure is reached. 
 
 
Fig. 2. Slenderness classification for plates with simply supported edges and S235 steel grade and comparison with 
FEM results 
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3.3 Comparison with standards 
As is mentioned in the introduction, several standards suggest boundaries between slender, stocky or 
moderate plates. All these boundaries depends on the critical-shear-stress factor 𝑘𝑠, allowing to 
compare the various cases. Fig. 3Fout! Verwijzingsbron niet gevonden. illustrates the transitions 
from elastic, inelastic and plastic buckling. The figures apply to steel grade S235, for the models with 
clamped edge conditions. Two American codes differentiate three plate slenderness classifications. 
The areas for inelastic buckling of the AASHTO standard (8) is encompassed in the wider zone of 
the AISI standard (7) for moderate plates. The line recommended by EN1993 (13) merely suggests 
the slenderness ratio requiring elastic buckling verification, and is as visible rather conservative. The 
numerical models are visualized as well. Their slenderness ratio b/t and the critical shear factor 𝑘𝑠, 
obtained by a LBA, are used to create a curve for various values of the plate thickness. Together they 
provide a large variety of theoretical slenderness classifications. Therefore, all plates with a thickness 
of 10 mm fall in the plastic range and most plates with a thickness of 3 mm fall in the slender or 
moderate range. However, according to codes, increasing the curvature of the thin plates, shifts the 
buckling pattern to inelastic. All models are represented by a symbol, used in the numerical model 
curves to refer to the type of buckling found by GMNIA. Obviously, the numerical results have 
similar buckling pattern as suggested by the standards. Especially the boundaries suggested by the 
AISI code are in consistent with the numerical results. The model combinations close to the thick 
plate boundary, still in the moderate plate group, show a different mode shape. However, the 
difference in is quite small, making the AISI code a rather conservative approach. The found 
correlation between the numerical models and the standards suggest that once the critical-shear-
buckling coefficient is determined of a curved plate, it can be calculated as a flat plate. The graph of 
Fig. 3 could be created for models with simply supported edges as well. These boundary conditions 
results in a lower critical-shear-buckling coefficient, shifting the numerical model graphs lower. It 
implies that several models, close to a transition zone will shift from plastic buckling to elastic-plastic 
buckling or to elastic buckling. The decision of boundary conditions in the design can thus have a 
large influence on the buckling type, and thus critical shear force of a plate.  
 
Fig. 3. Slenderness classification for plates with simply supported edges and S235 steel grade and comparison with 
FEM results 
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4 SUMMARY  
The large variety of parameters, influencing the slenderness classification of curved plates under 
uniform shear, results in several conclusions: 
 The performed linear bifurcation analysis is in good reliance with the theoretical NACA 
lines, found by Batdorf et al. (9) 
 The buckling behaviour of curved panels is similar with flat panels. However, once the 
bifurcation point is reached, curved plates have an immediate bearing capacity reduction.  
 Slender curved plates find a new stability after the load drop and are able to carry additional 
loads, called a postbuckling capacity 
 The transition areas between slender, moderate and thick plates suggest by American 
standards and in reliance with the critical-shear-buckling-factor 𝑘𝑠 can be applied for curved 
plates. Plates with an equal thickness but larger curvature can have a different buckling 
behaviour. The curvature bears more shear stresses and can lead to plastic buckling. This 
shift in buckling behaviour is found back in the numerical modelling. 
 The decision of boundary conditions in the design can thus have a large influence on the 
buckling type, and thus critical shear force of a plate.  
 Once the critical-shear-buckling coefficient is determined of a curved plate, it can be 
calculated as a flat plate. 
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